A ffinity tags have greatly eased the difficulty of obtaining large quantities of purified proteins for biophysical and biochemical studies. 1À3 While a variety are available, ranging from large protein fusions to short peptide sequences, the polyhistidine tag is the most widely utilized. 4 It involves the introduction of only a short, frequently six, His sequence that allows the purification of proteins by metal affinity chromatography. The affinity tags may be optionally removed by the insertion of a protease recognition sequence; however, the reactions often show low efficiency, require large quantities of costly enzymes, introduce an additional purification step for protease removal, and can lead to side reactions at unwanted protein sites. 5À7 Because of these drawbacks, His tags are frequently retained. 8À12 The addition of a His tag is commonly assumed to result in negligible perturbation to the protein structure and function. While evidence suggests this is often true, 13 in some cases introduction of a His tag has caused alterations in protein structure or interference with binding interactions.
14À23
A His tag was introduced for facile purification of recombinant sperm whale myoglobin (His 6 Mb), perhaps the most extensively studied protein, which reversibly binds oxygen and other small polyatomic molecules (Figure 1 ). When CO is bound to Mb (MbCO) and other heme proteins, its IR absorption is intense and highly sensitive to the protein electrostatic environment.
24À31
Because of this, the IR spectrum of CO has long been analyzed for the characterization of heme protein conformations and for identification of features of the heme pocket environment that may be associated with function. 24, 25 In addition to its use in structural studies, the CO vibration provides a convenient probe for measuring the dynamics in heme proteins. 12, 30 ,32À36 Protein structural fluctuations throughout the protein lead to corresponding fluctuations in the CO vibrational frequency. The technique of two-dimensional infrared (2D IR) vibrational echo spectroscopy can be used to measure the time scales and amplitudes of these frequency fluctuations and thus characterize the dynamics of the CO's protein environment. MbCO in particular has been a workhorse for our development of 2D IR vibrational echo spectroscopy for the study of dynamics in proteins.
37À47
Because of the high sensitivity of the CO vibrational spectrum to protein structure, particularly in or near the heme pocket, any large perturbation to the Mb structure as a result of His tag introduction should lead to significant changes in the CO spectrum. Very little change is observed in the FT-IR spectrum of MbCO upon introduction of the His tag, suggesting the placement of the His tag at the N-terminus of Mb, located far from the heme pocket and bound CO (Figure 1 ), has little influence on the heme pocket structure of such a robust, globular protein. Here we report a comparison of the picosecond time scale dynamics of MbCO and His 6 MbCO measured with 2D IR vibrational echo spectroscopy. Although the CO vibrational spectrum is virtually unchanged upon addition of the His tag, Biochemistry ARTICLE the dynamics of His 6 MbCO differ significantly from those of the untagged protein. These results underscore the care that must be taken in studies of the dynamics and other biophysical properties of His-tagged proteins, particularly with spectroscopic techniques that are sensitive to protein structural fluctuations.
' EXPERIMENTAL PROCEDURES
Sperm whale Mb with an N-terminal His 6 tag and TEV cleavage site (MGHHHHHHENLYFQG) was cloned into the pBad vector (Invitrogen) behind the arabinose promoter. His 6 Mb was purified using Ni-chelation chromatography. Unmodified, recombinantly expressed sperm whale Mb [95À100% pure in a 0.02 M Tris-HCl solution (pH 8)] was purchased from Sigma. Both protein samples were exchanged into PBS containing 50% (w/v) glycerol, added to reduce the background IR absorbance for the 2D IR experiments. For FT-IR and 2D IR experiments, the protein samples were concentrated to 7 mM, clarified through 45 μm filters, and reduced with a 10-fold excess of sodium dithionite. It has been shown that myoglobin does not form dimers at concentrations as high as 9 mM. 48 The possibility of dimer formation for His 6 Mb will be discussed below. The protein samples were placed between two CaF 2 windows separated by a 50 μm Teflon spacer. UVÀvisible and CD spectra of His 6 Mb were also recorded on Cary 3E and Aviv 62A DS spectrometers, respectively.
Linear FT-IR spectra were recorded at 1 cm À1 resolution on a Bruker Vertex 70 spectrometer. The time-resolved infrared experiments were performed as previously described 29, 49 with 120 fs, ∼5 μJ pulses at 1945 cm À1 generated with an ultrafast mid-IR laser system consisting of a Ti:sapphire oscillator/regenerative amplifier-pumped optical parametric amplifier. Briefly, the 2D IR echo experiments involved application of three mid-IR light pulses to the sample (∼0.8 μJ per pulse at the sample) with the times between the first and second pulse and the second and third pulse denoted τ and T w , respectively. 49 At a time of at most τ after the third pulse, a vibrational echo is emitted by the sample in a unique direction. The vibrational echo pulse is overlapped with another IR pulse, called the local oscillator, for heterodyne detection and to provide phase information for the vibrational echo signal. The combined vibrational echo/local oscillator pulse is passed through a monochromator onto an IR array detector, which records a spectrum that yields the ω m frequency axis (vertical axis), the axis of vibrational echo emission. Scanning τ produces an interferogram at each ω m . These interferograms are then Fourier-transformed to produce the second, ω τ axis (horizontal axis) of the 2D IR spectrum. In the experiments, τ is scanned for fixed T w to produce a 2D IR spectrum. T w is then changed, and τ is again scanned to produce another 2D IR spectrum. The change in the spectra with T w provides the dynamical information about the system.
Pump probe experiments were also performed to determine the vibrational lifetimes and to process the 2D IR data. An ∼3.5 μJ pump pulse is followed by a variably delayed,∼0.4 μJ probe pulse. The pump-induced changes in the probe beam spectrum at each time delay were measured by dispersing the transmitted probe beam through the monochromator onto the array detector.
Data Analysis. The linear FT-IR spectra were backgroundcorrected by subtracting the solvent FT-IR spectrum, followed by fitting and subtracting a polynomial function to the spectral regions away from the CO band. This function was used to make small residual baseline corrections. The resulting spectra were then fit to a sum of Gaussian functions. The time-resolved pump probe spectra were used to determine the vibrational lifetimes (T 1 ) of the CO in the His-tagged and unmodified Mb. At each frequency of a spectrum, the pump-induced difference in the probe beam intensity as function of the probe delay time was fit to an exponential decay.
Protein structural fluctuations cause the CO stretch frequency to evolve over time (spectral diffusion). The frequencyÀfrequency correlation function (FFCF) connects the waiting time (T w )-dependent changes in the 2D band shapes caused by spectral diffusion to the time dependence of the structural changes of the proteins. The center line slope (CLS) method is used to determine the FFCF from 2D and linear spectra. 50, 51 This method provides an accurate way to extract the FFCF and also provides a useful quantity for plotting. 50, 51 At a particular ω τ , a slice through the 2D spectrum, projected onto the ω m axis, is a spectrum with a peak at a particular ω m value. Many such slices taken over a range of ω τ values produce a set of points. Connecting the resulting points yields the center line. In the absence of a homogeneous contribution, when T w = 0 the slope of the center line would be 1. At a sufficiently long time, when spectral diffusion has sampled all frequencies within the absorption spectrum, the 2D IR line shape would be circular, and the center line would be horizontal with a slope of zero. It has been shown theoretically that the T wdependent part of the normalized FFCF is directly related to the T w dependence of the slope of the center line. 50, 51 Thus, the slope of the center line, the CLS, will vary between a maximum of 1 when T w = 0 and 0 in the limit of a sufficiently long waiting time. The presence of a homogeneous contribution to the spectrum causes the initial value of the slope to be less than 1 when T w = 0 (see below).
The multiple-time scale dynamics were modeled by a multiexponential form of the FFCF, C(t).
For the ith dynamical process, Δ i is the range of CO frequencies sampled due to protein structural fluctuations and τ i is the time constant of these fluctuations. This form of the FFCF has been Biochemistry ARTICLE widely used and in particular found to be applicable in studies of the structural dynamics of hemeÀCO proteins. 12,29,32,33,45,47,52À54 The experimental time window is limited by the vibrational lifetime decay to several times T 1 , the vibrational lifetime, which reduces the signal to zero. The occurrence of very slow structural fluctuations on time scales longer than the experimental time window, if present, will appear as a term with τ i = ¥ in the FFCF. This term is the "static" component. The corresponding Δ i is the amplitude of the static component, that is, the amplitude of the component of the fluctuations that are on a time scale long compared to the experimental time window.
If Δτ < 1 for one component of the FFCF, then Δ and τ cannot be determined separately but rather give rise to a motionally narrowed homogeneous contribution to the absorption spectrum with the pure dephasing width given by Γ = Δ 2 τ = 1/πT 2 *, where T 2 * is the pure dephasing time and Γ is the pure dephasing line width. The total homogeneous dephasing time, T 2 , also has contributions from the vibrational lifetime. T 2 is given by
Detailed procedures for converting the CLS measurement into the FFCF have been described previously. 50, 51 By combining the CLS with the linear absorption spectrum, we obtain the full FFCF, including the homogeneous component. Then using the vibrational lifetime, T 2 * and Γ are obtained from eq 2.
' RESULTS AND DISCUSSION
The center frequency of the CO vibration in heme proteins is particularly sensitive to the local environment. 24À28 In MbCO, there are two peaks, denoted A 1 and A 3 , that have been attributed to different configurations of the imidazole side group of distal residue His64 relative to the CO. 29, 31, 32 Figure 2 displays the FT-IR absorption spectrum of unmodified MbCO (panel A) and His 6 MbCO (panel B) along with fits to a sum of Gaussian functions (dashed lines). The fit provides the center frequency and line width of the bands composing the spectra. As expected, the spectrum of unmodified MbCO contains two distinct overlapping bands, a very strong band at 1945 cm À1 (A 1 band) and a band at 1934 cm À1 (A 3 band) approximately half in total integrated area.
Upon comparison of the spectra of Figure 2 , the FT-IR spectra of His 6 MbCO and MbCO appear to be almost identical. The His 6 MbCO spectra show two bands reflecting the A 1 and A 3 states with the same relative populations observed in the MbCO spectra. These two bands are believed to result from an only small change in the orientation of the side chain of His64, illustrating the high sensitivity of the FT-IR spectrum to Mb heme pocket structure. The only difference observed in the His 6 MbCO spectrum is a contribution from a very small band at 1964 cm
À1
. While the band is clearly apparent and outside the spectral noise (see the inset of Figure 2B ), it constitutes only 2% of the total integrated area of the spectrum. A band of similar frequency, denoted the A 0 state, is found in some Mb variants and when the sperm whale protein is under acidic conditions. 25, 55, 56 The A 0 state is believed to reflect a conformation in which a protonated His64 side chain is rotated out of the heme pocket. Thus, the FT-IR spectra indicate that the introduction of the His tag leads to very minor changes in the heme pocket environment, only slightly increasing the population of the A 0 structure. In comparison, FT-IR spectra of mutant MbCO proteins show dramatic changes in the frequencies and relative amplitudes of the composite bands. 57 Furthermore, no change in protein structure due to His tag incorporation is evident from the His 6 MbCO UVÀvisible spectra, and the CD spectra are consistent with a largely helical protein (shown as Supporting Information).
2D IR spectra of MbCO and His 6 MbCO were obtained for varying T w times to examine the dynamics in the presence and absence of the His tag ( Figure 3 ). All spectra show peaks due to the 0À1 transitions along the diagonal (red) as well as negative peaks (blue), which arise from vibrational echo emission at the 1À2 transition frequencies and are shifted to lower frequencies along the ω m axis by the vibrational anharmonicity (25 cm À1 ). 47 ,58À60 The key feature in this experiment is the change in the shape of the 0À1 bands in the 2D IR spectra as T w is increased, as illustrated in Figure 3 . As the structure of the protein evolves over time, the CO frequency changes (spectral diffusion) because its frequency is sensitive to the evolving protein structure. Previous experiments and simulations on MbCO and experiments on neuroglobin-CO have shown that the CO frequency fluctuations are sensitive to global protein structural dynamics.
29À31,54 At short T w times (Figure 3) , the peaks in the spectra are substantially elongated along the diagonal, reflecting the incomplete sampling of the inhomogeneous distribution of states contained in the Biochemistry ARTICLE absorption line shape. The peaks appear elongated along the diagonal because most of the CO molecules initially at ω τ frequencies have the same final ω m frequencies following the short T w delay. The width perpendicular to the diagonal at very short T w delays is caused by the motionally narrowed pure dephasing contribution with a small additional contribution from the vibrational lifetime. At longer T w times, the protein has had time to sample more of its range of structures. The CO stretching mode no longer has the same initial (ω τ ) and final (ω m ) frequencies because of the evolution of the protein structure during the T w time period, and the bands in the spectra become less elongated along the diagonal (the major and minor axis are more similar).
To quantitatively compare the dynamics of the His-tagged and unmodified Mb, the CLS was determined from the A 1 band in the 2D IR spectra for each T w .
50,51 Figure 4 shows the CLS versus T w for MbCO and His 6 MbCO, as well as multiexponential fits to the data. As discussed in Experimental Procedures, the CLS decays were analyzed in combination with the linear FT-IR spectra and vibrational lifetimes to obtain the FFCFs, which quantify the dynamics associated with the fluctuating CO frequency caused by the structural dynamics of the protein. The parameters describing the FFCFs are listed in Table 1 .
The ultrafast protein dynamics plus contributions from the solvent fluctuations produce a motionally narrowed Lorentzian (homogeneous) component of the absorption spectrum, 29 which is characterized by the pure dephasing time, T 2 *, and the pure dephasing line width, Γ. Both of these parameters are given in Table 1 . Given that the two proteins have nearly identical FT-IR spectra, the initial smaller CLS value of the unmodified protein indicates a greater homogeneous contribution to the dynamics compared to that of the His-tagged protein. In accordance with this, determination of the FFCF yielded a homogeneous dephasing time of 3.8 ps for MbCO, while the FFCF of His 6 MbCO showed a slower homogeneous dephasing time of 7.3 ps. The homogeneous dephasing time is thus influenced by the presence of the His tag; however, in both cases, the homogeneous component is a minor contributor to the overall line width (2À3 cm À1 of the 11 cm À1 line width). While the water/glycerol solvent contributes to the homogeneous dephasing, it is unlikely that the presence of the His tag changes the homogeneous dephasing because of its influence on the solvent dynamics per se. The protein is surrounded by solvent, and the fast motions of the solvent molecules give rise to a component of the homogeneous dephasing by producing fluctuating electric fields at the CO. The presence of the His tag will at most make a difference to those solvent molecules in its immediate vicinity, which is a small fraction of all of the solvent. Most likely, the change in the homogeneous dephasing caused by the His tag comes about via changes in the very fast structural fluctuations of the protein itself, not from modification of the solvent.
On a slower time scale, fluctuations of the protein structure lead the CO to sample its possible IR frequencies (spectral diffusion). These dynamics are reflected in the T w dependence of the CLS. For the unmodified protein, the CLS decay involves three time scales: a fast 1.4 ps component (τ 1 ), a slower 19 ps component (τ 2 ), and a very slow component that appears static on the experimental time scale (τ 3 = ¥). The time scales differ from those of a previous 2D IR study of this protein. 31 However, in our study, the solvent is 50% glycerol/PBS as opposed to D 2 O buffer used in the earlier study. The glycerol increases the viscosity 6-fold. The glycerol also reduces the solvent background and greatly improves the quality of the data. The result is that data could be acquired in this study to a T w of 80 ps, while the previous data were measured to a T w of 40 ps. Therefore, this study captures a larger range of the dynamics.
The perturbation of the dynamics of MbCO due to incorporation of the His tag is clear from inspection of the CLS decay curves in Figure 4 and the parameters listed in Table 1 . The CLS decay of His 6 MbCO involves only two time scales: a 21 ps component (τ 2 ) and a very slow component that appears static on the experimental time scale (τ 3 = ¥). Thus, the 1.4 ps dynamics of the unmodified protein are no longer observed when the His tag is introduced. The lack of this component is evident from inspection of the CLS decay curves at the shortest T w times. The initial CLS decay of MbCO is much faster than the decay of His 6 MbCO. The 1.4 ps component was still absent when experiments were performed with a protein concentration of 3 mM. Dimer formation is known to be absent at 7 mM for MbCO. 48 If dimer formation occurred for His 6 MbCO at 7 mM, the reduction in concentration to 3 mM would reduce the dimer concentration by >5-fold. The reduction in concentration lowered the viscosity of the sample by a factor of ∼2, which caused a small decrease in the static component of the CLS; otherwise, the curve was unchanged. Thus, dimer formation can be ruled out as the reason for the difference in dynamics between His 6 MbCO and MbCO.
While the time scales of the slower dynamics are very similar, the amplitudes of the frequency fluctuations associated with the time scales differ somewhat between the two proteins. The Δ 2 values for the two proteins are the same (2.7 cm À1 ) for the native protein and the His-tagged protein (see Table 1 ). In contrast, the frequency fluctuation amplitude of the dynamics of the native protein on the slowest (>100 ps) time scale (2.3 cm À1 ) is smaller ). The observed similarity in time scales but variance in amplitudes is consistent with a situation in which the His tag does not fundamentally change the nature of slower Mb motions. A possible explanation for the observed differences in the two proteins is that the faster (1.4 ps) motions of the native Mb slow upon addition of the His tag, leading to the removal of this contribution and the increased amplitude of the slowest (>100 ps) time scale contribution to the FFCF of His 6 MbCO.
Overall, the introduction of the His tag reduces the contributions to the FFCF from fast dynamics, both the very fast homogeneous dynamics and the T w -dependent 1.4 ps dynamics, and alters the frequency fluctuation amplitudes associated with the slowest motions in MbCO. The influence of the His tag on the dynamics is surprising, as the addition to the protein is relatively small and placed at site distant from the bound CO (Figure 1 ). Given the similar FT-IR spectra of the modified and His-tagged Mb, the local structure within the heme pocket is not likely perturbed to a great extent by the His tag. The A 1 band, in particular, showed the same center frequency and line width, suggesting the average electrostatic environment and the distribution of environments sampled by Mb in this conformation are unaltered by the His tag. Rather, the 2D IR data show that the His tag changes the motions that lead Mb to sample the environments in the distribution. The differences in the amplitudes of the slowest (>100 ps) dynamics suggest that the His tag affects the global dynamics of Mb, consistent with previous molecular dynamics studies that found the FFCF to result from motions throughout Mb. 46 
' CONCLUDING REMARKS
This study addressed the general assumption that His tags are nonperturbative. While the His tag does not appear to have a dramatic impact on Mb structure, it does in a more subtle manner influence the Mb dynamics. In a recent survey of structures in the Protein Data Bank, Carsons et al. 13 overall found no significant changes to protein structures caused by the introduction of His tags. However, slightly greater B factors, an indicator of greater structural disorder, were observed for His-tagged compared to those observed for the unmodified proteins, suggesting the protein dynamics may be altered. While resolved His tag structures are sometimes observed in crystal structures, more often the His tags are unresolved or unstructured and thought to be flopping about in solution. Such motion would be relatively slow and, if present in His 6 MbCO, could contribute to the greater frequency fluctuation amplitude associated with the slowest motions. However, this type of His tag motion does not account for the loss of the fast 1.4 ps component observed in the native protein.
Several studies have observed adverse effects on protein structure or function due to interaction of the protein with the attached His tag. The effect of His tag incorporation on the structure and dynamics of the protein cytochrome b 5 was investigated in a recent study using molecular modeling and molecular dynamics simulations. 16 No disruption of the region surrounding the heme was observed, but a slightly decreased root-mean-square deviation was found in more distant regions of the protein due to stabilizing interactions between the protein with the His tag. In this case, the His tag adopts a helical structure that packs against the hydrophobic core of the protein through salt bridges, hydrogen bonding, and hydrophobic interactions. Similar types of interactions between a His tag and the enzyme tropinone reductase lead to interference with enzymatic activity according to a recent experimental and molecular dynamics study.
14 Another investigation of incorporation of a His tag into the protein dynein found that stabilization of a particular helix through interaction with a His tag creates a new site for proteinÀprotein binding. 15 In a similar manner, interactions between the His tag and Mb may lead to stabilization of a state that removes the contribution of 1.4 ps and faster protein motions to the FFCF.
Although the structural details of the observed changes in Mb dynamics at this point remain unknown, the results imply that caution should be used when studying the dynamics of Histagged proteins or processes that depend on fast time scale structural fluctuations, such as the access of ligands to buried active sites, 61 protein or ligand binding involving entropic changes, 62, 63 or crossing a transition state in enzymatic catalysis. 64, 65 In Mb, differences observed on the picosecond time scale for geminate rebinding of O 2 , NO, and CO suggest that motions on this fast time scale may be physiologically important for ligand discrimination. 66, 67 Although the 2D IR experimental data are limited in time scale by the vibrational lifetime of the CO probe, precluding determination of the exact time scales of the slowest, >100 ps motions, the 2D IR data do show different frequency fluctuation amplitudes associated with the slowest motions. Thus, the CO experiences structural fluctuations on a >100 ps time scale differently in the Mb variants, but we cannot determine how slow the associated motions are or whether the time scales differ. Data from other techniques sensitive to the protein structural details (e.g., those employing UVÀvisible and IR spectroscopy) may be influenced similarly.
Our study of dynamics corroborates those previous investigations that observed perturbations to structure, 16, 19, 21 folding, 17 and binding interactions with ligands 14, 18, 68 and protein partners 15, 20, 22, 23 due to His tag incorporation. In some cases, His tags appear to influence some but not all properties; 16, 19 in other cases, their influence is position-dependent, 17, 19 further complicating the assessment of His tag perturbation. The significant differences in dynamics due to incorporation of a His tag into MbCO observed here using 2D IR spectroscopy, despite very similar FT-IR spectra, reveal that the perturbations may be subtle and provide a general reason for caution in analyzing experimental data for His-tagged proteins. 
